Absrroct-The development of an ultrasonic corrosion monitor which can provide a continuous high resolution indication of in situ corrosion film buildup is described. The monitor is based on the principle that, under certain conditions, the effective extensional ultrasonic velocity in a corroding waveguide changes as the corrosion f i i builds up. The capability to measure film thickness increases smaller than 0.1 pm (0.004 mil) makes the ultrasonic corrosion monitor a valuable tool foI understanding, characterizing, and monitoring component corrosion. The analytical foundation is presented for the ultrasonic technique and the results of a proof-of-principle experiment in which a zircaloy probe was corroded in an air furnace. The minimum measurable change in fiim thickness for this experiment was 0.0435 Mm (0.0017 mil), which is in excellent ageement with the predicted resolution.
I. INTRODUCTION
A S COMPONENT corrosion becomes an increasingly important consideration in lifetime reliability, means to predict and measure that corrosion also become more important. For example, there are strong incentives to increase nuclear fuel element linear heat ratings, coolant temperatures, and/or in-reactor residence times [l] . Consequently, there is a growing need to understand and characterize zircaloy cladding corrosion as well as a means to monitor corrosion. The traditional approach to characterize corrosion behavior is to Manuscript received July 31, 1983; revised November 4, 1983 . This work was performed as part of the Advanced Water Breeder Applications Program, directed by the Naval Reactors Division of the U.S.
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The author is with General Electric Co., Knolls Atomic Power Laborause discrete data obtained by periodically weighing test specimens. This requires nonproductive shutdown of the test facihty and lost time while the measurement is made. Furthermore, it is virtually impossible to characterize instantaneous corrosion rates with discrete data, particularly through transition regions where rates may change dramatically over short periods of time.
The ultrasonic corrosion monitor produces a continuous, in situ indication of corrosion film buildup. The monitor is based on the principle that, under certain conditions, the effective extensional ultrasonic velocity in a corroding waveguide changes as the corrosion f i l m builds up. The film thickness measurement resolution of the ultrasonic corrosion monitor is a function of the material under test, the specific monitor geometry, and the resolution of the signal processing system. Typical resolutions are better than 0.1 pm (0.004 mil).
corroded in air to verify the theoretical model. The predicted ultrasonic time-of-travel values were in excellent agreement with the measured values until the oxide film became too thick (>SO pm) and began t o crack. The measured average film thickness resolution for this experiment was 0.0435 pm (0.0017 mil), which is in excellent agreement with the predicted resolution.
is presented in Section 11. Section I11 describes the proof-ofprinciple experiment which confirms the theory. The experiment results are discussed in Section IV and potential applications are described in Section V.
A proof-of-principle experiment was performed with zircaloy
The analytic foundation of the ultrasonic corrosion monitor 
The predicted normalized delay time as a function of Zr02 film thickness is shown in Fig. 1 for this example. Zircaloy and zirconia modulus and density values are taken from [41-~7 1 .
B. Resolution
The predicted resolution of the ultrasonic corrosion monitor is a function of the following parameters: 1) probe radius-resolution increases as radius decreases; 2) probe Zength-resolution increases as length increases;
3 ) probe material-as it affects F 1 , F 2 , and F 4 ; 4) signal processing system measurement resolution.
The minimum measurable change in corrosion film thickness can be predicted by finding the slope of the curve in Fig. 1 and dividing into the minimum measurable change in delay time, i.e.,
where Note that there is a weak sensitivity to the instantaneous film thickness such that the resolution decreases slightly as the f h thickness increases. The signal processing system used by KAF' L has a minimum measurable change in delay time of 5 ns (5 X S). Thus, for the zircaloy/ZrOz example of the previous section, (6) yields a minimum measurable change in corrosion film thickness of <O.O6 pm (<0.0024 mil) for a 0.76-mm (0.030 in) diameter, 7-cm long probe. Thls extremely fine resolution can be even further improved by making the probe longer and/or decreasing the diameter according to (7) and (8). The predicted resolution as a function of probe radius for this example is shown in Fig. 2 . which is attached to one end of the lead-in section and surrounded by a pulsing/receiving coil. An external magnetic field is applied to enhance the magnetostriction effect. The wire sensor zones are defined by acoustic impedance discontinuities such as notches or diameter changes. When the injected pulse encounters the first impedance discontinuity, it is partially reflected and returns to the transducer to mark the beginning of a time interval. The remainder of the pulse travels on to the next discontinuity, which could be the end of the wire, where the next reflection occurs. This marks the end of the first time interval and the beginning of the second if there are more sensor zones. The reflected ultrasonic pulses are converted to electrical pulses at the transducer and sent through the receiver to the signal processing system where the time interval measurement is performed. This time interval between the two pulses is used to determine the average corrosion film thickness on the sensor zone of the probe.
The ultrasonic corrosion monitor differs in concept and application from the ultrasonic monitoring of erosion or etching where there is a loss of material [IO] . Material loss from a homogeneous specimen is detected as a change in the relative echo pulse amplitudes at the beginning and end of a sensor zone whereas the ultrasonic corrosion monitor relates changes in the travel time through the sensor zone to the formation of a corrosion film on the probe surface.
PROOF-OF-PRINCIPLE EXPERIMENT
An experiment was performed to confirm the model described in Section 11. A zircaloy ultrasonic probe was corroded in an air furnace and the ultrasonic pulse delay time through the probe sensor zone was continuously measured. A second zircaloy wire was corroded beside the ultrasonic probe to serve as a calibration wire. The calibration wire was periodically removed from the furnace, weighed, and returned to the furnace to calibrate the change in delay time of the probe to the weight gain of the calibration wire.
A. Materials and Equipment
A schematic description of the experiment is shown in Fig.  4 . The ultrasonic probe was a 2 l-cm long alpha-annealed zircaloy wire with a lead-in diameter of 0.1 52 cm. The sensor zone was formed by chemically etching a 7-cm length to a diameter of 0.076 cm. The zircaloy calibration wire had the same length and diameter as the sensor zone of the probe.
Type K (Chromel-Alumel) thermocouples were used to measure the furnace temperature and provide input to the furnace controller.
The signal processing system is a Tektronix WP3201 system which includes a 200-MHz Tektronix 76 12D programmable waveform digitizer. Using KAPLdeveloped software, this system is capable of making ultrasonic pulse echo delay time measurements with 5 ns resolution, independent of the absolute delay time between pulses. The pulser/receiver used to generate and receive the transducer signal is a Panametrics 5055 PRM.
B. Temperature and Corrosion Histoly
Fig . 5 shows the temperature history of the experiment.
The total exposure time of the probe and calibration wire was 1000 h. The first 381.2 h were at approximately 850°F except for a 25-h period at about 875°F. The temperature was then increased to about 950°F for the remainder of the experiment to increase the corrosion rate. The gaps in the data of Fig. 5 represent periods during which data were not recorded, although the experiment continued during those periods. The temperature was held to about a 5°F range over long time periods. The noisiness of the data in Fig. 5 is a consequence of the rapid data sampling technique used; a concurrent strip chart recording with a slower time constant does not show this noise. Fig. 6 shows the weight gain history of the calibration wire, After 381.2 h at 850°F (except for 25 hours at 875OF) the weight gain was 256.5 mg/dm2, which corresponds to a corrosion film thickness of 17.4 pm (0.68 mil).' At this point there is an obvious increase in the corrosion rate due to the temperature increase to 950°F. The total weight gain of the Calibration wire at the end of the experiment was 1652 mg/dm2, which corresponds to a film thickness of 11 1.8 pm (about 4.4 1 mils). The weight gain history of the ultrasonic probe sensor zone was assumed to be identical to that for the calibration wire. The precision of the weight gain data can be inferred from the calibration wire measurements made at the end of the 850°F heating period and three hours later after the 950°F operation had equilibrated. The difference in the two data points is about 4 mg/dm2. 7-cm section) as a function of the exposure time. The data were collected at the rate of 2 delay time measurements per minute which is far more than necessary for most applications. Again, there are gaps in the data collection, indicated by the vertical lines, similar to those in Fig. 5 . The step increase in At at about 300 h is due to the 25°F excursion shown in Fig, 7 . Ultrasonic probe response to corrosion film buildup. temperature. This is further illustrated after the temperature increase to 950°F to accelerate the experiment. Up to about 600 h of exposure, corrosion of the ultrasonic probe causes a continual decrease in At, which is in agreement with the model and prediction shown in Fig. 1 . At 600 h the weight gain is approximately 800 mg/dm2, which corresponds to a corrosion film thickness of 54.1 pm (2.1 mil). After 600 h, the rate of change of At with exposure time decreases to the point of reaching a minimum at about 675 h and then actually reverses its slope. This behavior implies a dramatic change in the corrosion film and its impact on the effective ultrasonic velocity. Initially the corrosion film is a dense tenacious annulus about the base metal core. The ultrasonic velocity in the corrosion film is about $ times that in the base metal. Consequently, as the film begins to form, the effective ultrasonic velocity increases according to (2). However, if the film becomes porous or begins to crack it will lose its original ultrasonic transmission characteristics and the effective velocity will begin to return to the base metal value.
C. Ultrasonic Probe Results
That this has, in fact, happened can be seen in Fig. 8 which shows transverse and surface photographs of the probe sensor zone at the end of the experiment. A distinct, regular pattern of radial, circumferential, and axial cracks can be seen in these photographs. The cracks occur because the volume of the oxide formed is greater than that of the metal consumed. As fresh corrosion product is formed, previously generated oxide is forced outward. Because of the circular geometry, the oxide volume required to maintain a fully dense annulus is greater than that available. With increasing film thickness the tensile stresses become sufficiently large to fracture the brittle oxide and form the crack patterns shown in Fig. 8 . Fig. 8 also shows that the ultrasonic probe corrosion film thickness agrees reasonably well with the measured weight gain of the calibration wire. The film thickness is somewhat variable, tending to follow local grain boundaries at the corroding surface. The average f i l m thickness is about 4.1 mils, compared to the inferred end-of-experiment thickness of 4.41 mils.
IV. DISCUSSION
The small variations in ultrasonic velocity due to the small temperature variations shown in Fig. 5 can be normalized to a constant 850°F for the first 381.2 h and to 950°F for the remainder of the experiment. The correction was 9 ns per "F for this probe. The result is shown in Fig. 9 . Although the correction is quite small, it does reveal fine detail which may be obscured by the small temperature variations. Fig. 9 can be used to estimate the average resolution of the ultrasonic probe in this experiment. After 381.2 h the change in ultrasonic delay time was 2 ps or 2000 ns. The weight gain at this point was 256.5 mg/dm2, corresponding to a film thickness of 17.4 pm. Since the resolution of the signal processing system is 5 ns, (6) gives an average minimum measurable This is in excellent agreement with a predicted resolution range of 0.03 to 0.06 pm, depending on the film thickness. This is an extremely fine resolution which could be quite useful in developing a detailed understanding of the corrosion process.
In Fig. 10 the ultrasonic probe data have been reduced to a normalized delay time, according to (S), so that a direct comparison to the model prediction of Fig. 1 can be made. Recognizing that there is considerable uncertainty in the high temperature ultrasonic velocity in Zr02, the agreement between the theory and the experimental data is excellent. In fact, a decrease of only 9 percent in the assumed velocity in Zr02 would put the predicted response right on the data out to 800 to 900 mg/dm2. Naturally, as the corrosion film begins to deteriorate, the data depart from the predicted probe response. 
